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Insulin-dependent diabetes mellitus (3DDM) in 
both humans and NOD mice results from an auto- 
immune destruction of the insulin-producing pan- 
creatic P cells (Atkinson and Maclaren, 1994). 
Characterizing the T ceils that mediate this autoim- 
mune destruction, identifying the P-cell autoanti- 
gens which serve as targets in this response, and 
uncovering the genes that underline the susceptibil- 
ity to this disease all comprise matters of intense 
research investigation and controversy. This com- 
mentary, however, focuses on investigations in the 
NOD mouse aimed at revealing the immunogenetic 
mechanisms that underlie the loss of self tolerance ; 
a factor at the genesis of this disease and autoim- 
munity in general. 



Mechanisms for the generation of self tolerance 

Neither major histocompatibility complex 
(MHC) class I nor class II molecules have an 
inherent capacity to discriminate between peptides 
derived from foreign pathogens or normal endoge- 
nous proteins (von Boehmer and Kisielow, 1990). 



Therefore, in order to prevent the development of 
deleterious autoimmune responses, it is necessary 
to destroy or inactivate any T cells that express a 
rearranged T-cell receptor (TCR) that recognizes 
endogenous peptides bound to self MHC mole- 
cules. This process occurs through several mecha- 
nisms which select ceils from the theoretical total 
pool of (approximately) 109 TCR cionotypes; a 
subset of effectors that can respond to foreign, but 
not endogenous peptides bound to self MHC 
molecules*-.,. 

One such tolerogenic mechanism occurs in the 
thymus (von Boehmer and Kisielow, 1990, Black- 
man ei al s 1990). The TCR molecules of T-cell 
precursors differentiating within the thymus inter- 
act with peptides presented by MHC gene products 
expressed on both thymic epithelial cells and hae- 
matopoietically-derived antigen-presenting cells 
(APCs). These interactions result in the positive 
selection of T cells capable of recognizing foreign 
antigens presented by self MHC gene products. 
Immature T cells whose TCR engages endogenous 
peptides bound to self MHC molecules are nor- 
mally negatively selected in the thymus through an 
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activation-driven cell death process termed apopto- 
sU Several recent studies have demonstrated that 
the threshold of T-cell activation required to 
induce negative selection in the thymus 
lively greater than that required for positive selec- 
Son (SUckhardt et al.. 1994. Sebzda et al. 

1994). 

The activities of autoreactive T cells escaping 
intrathymic deletion are suppressed m the periph- 
ery by immunoregulatory T cells .which; *» mus 
be stimulated by a highly acuvated AFC in order 
to become functional (Ishikura et al. 1989). How- 
ever, not all autoreactive T cells can undergo 
apoptotic cell death in the periphery ^stimu- 
lated to a sufficiently high activation threshold by 
APC presenting large quantities of the appropriate 
antigen (Rocha and Von Boehmer, 199 1 : Zhang « 
al 1992, Ucker et aL, 1992 ; Cntchfield al., 
1994) Another mechanism by which APCs can 
downregulate autoimmune responses is by induc- 
ing a change in the cytokine profile produced by 
CD4 + T cells reacting against self peptides 
(Rabiriovitch 1994; Paul and Seder, 1994 ; Liblau 
et al 1995) Autoimmune tissue destruction 
appears to be promoted when self-peptide-reactive 
CD4* T cells produce a Thl pattern of cytokines 
including interleukin-2 (IL2) and interferon-? 
(IFN7). These Thl cytokines amplify cytotoxic 
CD8* T-cell functions, as well as supporting mac- 
rophage activation and delayed-type hypersensi- 
tivity (DTH) responses. In contrast, autoimmune 
tissue destruction appears to be blocked when 
self-peptide-reactive CD4* T cells produce a Th2 
pattern of cytokines including IL4, IL5, I1A 1L1U 
and 1L13 which provide help for the activation of 
B-lymphocyte-mcdiated humoral immunity. Of 
these cytokines, TLA appears to be most important 
is switching T cells from a Thl to Th2 response 
profile. Generally, CD4* T cells switch from a 
Thl to a Th2 profile as a function of increasing 
antigen dose presented by APC. The cytokine pro- 
file produced by CD4* T cells can also vary 
depending upon the type of APC providing anti- 
genic stimulation, with B lymphocytes tending to 
promote the activation of Th2 responses. The par- 
ticular MHC class II gene product that an APC 
uses to present a given antigen can also determine 
whether a Thl or Th2 CD4+ T-cell response is 
elicited (Murray et al., 1993). These T-cell 
response patterns can also be effected by APC- 
produced cytokines, with macrophage production 
of IL12 or IL1 promoting Thl and Th2 activation, 
respectively (Greenbaum et aL, 1988 ; McAuthor 
and Raulet, 1993; Germann et al, 1993; Taylor- 
Robinson and Phillips, 1994). 

A constant for all of these immunoregulatory 
mechanisms is that high levels of T-cell stimula- 
tion tend to promote tolerance, while lower levels 



tend to promote immunological effector 
responses. Therefore, any genetic defects that 
compromise the stimulatory capacity of APC 
and/or impair T-cell responsiveness could prefe- 
rentially diminish any or all of these tolerogenic 
mechanisms without fully abrogating immunolog- 
ical effector responses. As discussed for the 
remainder of this commentary, such defects are 
present in both APC and T cells from NOD mice 
and may be central to the development of autoim- 
mune IDDM. 



Immunoregulatory dysfunctions in NOD mice 

As covered elsewhere in this Forum, the spec- 
trum of T-cell clonotypes associated with autoim- 
mune B-cell destruction in NOD mice is broad and 
includes the generation of cells capable of recog- 
nizing many self antigens (e.g., glutamic acid 
decarboxylase (GAD), insulin, heat shock protein, 
etc ) The presence of these autoreactive cells rep- 
resents a failure of the aforementioned irnmunore- 
eulaiory mechanisms aimed at eliminating selt- 
reactive T cells (i.e.. physical deletion either in the 
thymus or periphery, functional suppression by 
immunoregulatory T cells, or a hon-pathogenic 
rendering through a shift in their cytokine produc- 
tion from a Thl to Th2 profile). For each of these 
immunoregulatory mechanisms, the threshold ot 
T-cell activation required to induce tolerance is 
higher than that required to trigger an effector 
response. Hence, defects that compromise the 
stimulatory capacity of APC and/or impair T-cell 
responsiveness could preferentially diminish toler- 
ogenic mechanisms without fully abrogating 
immunological effector functions. As these immu- 
noregulatory dysfunctions are present m both AFL 
and T cells from NOD mice, they may be major 
contributors to the development of autoimmune 
IDDM. 



MHC-related dysfunctions 

The unusual MHC haplotype of NOD mice (i.e.. 
H2« 7 ) contributes to several APC dysfunctions that 
may lead to the development of 0-cell autoreactive 
T cells. Diabetes rarely develops (i.e.. < 3% inci- 
dence) in congenic stocks of NOD mice that heter- 
ozygously express MHC haplotypes from other 
strains (Prochazka et aL, 1989; Wicker et al.. 
1989 1992). Therefore, the immunotolerogentc 
defects that underlie the development of P-cell 
autoreactive T cells in NOD mice occur most read- 
ily when H2« 7 is homozygously expressed. One 
potential explanation far this observation is that 
H2« 7 MHC molecules are unable to present anti- 
gens in an efficient fashion to T-cell clonotypes 
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with potential p-cell autoreactivity. Such an activ- 
ity could result in the preferential activation of 
effector rather than immunotolcrogcnic functions. 
Supporting this hypothesis is the recent demonstra- 
tion that the a|3 chain complexes which comprise 
I-Ag7 MHC class II molecules in NOD mice do 
not dimerize in a stable Fashion (Carrasco-Marin et 
aL, 1996). This instability results in a marked 
decrease in the efficiency by which these MHC 
molecules bind and present antigen. 

Another immunotolerDgenic defect associated 
with homozygous expression of the H2« 7 MHC 
haplotype is the reduced ability of NOD APC to 
activate immunoreguiatory T cells in a syngeneic 
mixed leukocyte reaction (SMLR) (Serreze and 
Letter, 1988, 1991a). Multiple lines of evidence 
suggest that the failure to activate immunoregula- 
tory T cells in an SMLR contributes to the patho- 
genesis of diabetes in NOD mice. First, the SMLR 
defect is overridden and IDDM inhibited in NOD 
mice treated with recombinant IL2 (Serreze et aL, 
1990). Second. IDDM is diminished in NOD mice 
injected at a young age with cloned lines of immu- 
noregulatory T cells propagated from a SMLR 
supplemented with IL2 in vitro (Reich et aL, 
1989; Akhtar et aL, 1995 ; Choisch et aL, 1993). 

The reduced ability of NOD mice to produce 
immunoreguiatory T cells that block the function 
of diabetogenic effectors appears to result from 
homozygous expression of the unusual I-A £? 
MHC class II gene product. This concept is sup- 
ported by the observation that diabetes is inhibited 
in NOD mice that transgenically express other l-A 
MHC class II molecules (Miyazaki et aL, 1990 ; 
Lund et aL t 1990 ; Slattery et aL, 1990), and that T 
cells from such animals can passively transfer dis- 
ease resistance (Singer et al„ 1993). The develop- 
ment of IDDM is also blocked in transgenic NOD 
mice with restored I-E MHC class 11 expression 
on their APC (Lund et aL , 1990 ; Uno et aL f 1996 ; 
Hanson et aL, 1996). Therefore, in addition to 
those brought about by the presence of I-A* 7 
molecules, some immunoreguiatory dysfunctions 
which underlie the development of P-cell auto- 
reactive T cells in NOD mice are most likely 
caused by their failure to express an I-E MHC 
class II gene product on APC. Indeed, the restora- 
tion of I-E expression on APC may block IDDM 
development in NOD mice by inducing a Thl to 
Th2 cytokine shift by CD4* T ceils responding to 
the JJ-cell autoantigens (e.g., GAD) (Hanson ex aL, 
1996). 

While transgenic expression of an I-A or I-E 
class II gene product derived from a diabetes* 
resistant MHC haplotype restores the ability of 
NOD APC to activate many immunoreguiatory 
mechanisms, they remain incapable of mediating 
clonal deletion of f}-cell autoreactive T cells (Par- 



ish et aL, 1993; Slattery et al., 1993). However, 
utilizing a competitive bone marrow reconstitution 
system, f$-ceil autoreactive T cells which normally 
develop from NOD bone marrow are deleted when 
forced to mature in the presence of APC from a 
stock of NOD mice that congcnically express an 
MHC haplotype associated with IDDM resistance 
(Serreze and Leiter. 1991b). This may result from 
the protective APC population expressing class I 
as well as class II gene products from a diabetes- 
resistant MHC haplotype. Collectively, these 
results indicate that as APC express increasingly 
larger numbers of genes from a diabetes-resistant 
MHC haplotype, they acquire the ability to activate 
a wider array of immunotolerogenic mechanisms 
that limit both the generation and function of J3- 
cell autoreactive T cells. 



Non-MHC related dysfunctions 

Non-MHC controlled defects also contribute to 
the reduced ability of NOD APC to activate immu- 
noreguiatory functions. These non-MHC-con- 
trolled defects appear to include a reduced ability 
of NOD APC to provide T-cell costimulatory sig- 
nals at levels sufficient to induce tolerogenic rather 
than effector functions. 

One factor contributing to the reduced T-cell 
costimulatory capacity of APC from NOD mice is 
that macrophages from these animals produce sig- 
nificantly less IL1 than those from IDDM-resistant 
strains (Serreze and Leiter, 1988; Jacob et aL, 
1990). The reduced ability of NOD macrophages 
to produce IL1 results from their failure to fully 
differentiate from precursor cells in bone marrow 
(Serreze et aL, 1993a; Langmuir et aL t 1993 ; Ser- 
reze et aL. 1993b) This defect may be of patho- 
genic significance, since IDDM is blocked in NOD 
mice treated with IL1 in vivo (Jacob et al.. 1990). 
The mechanism behind this protection from IDDM 
may derive from studies indicating that IL1 sup- 
plementation in vitro restores the ability of NOD 
APC to activate regulatory T cells in an SMLR 
(Serreze and Leiter, 1988). Another, possibility is 
that this protection from IDDM results from the 
ability of IL1 to preferentially activate aTh2 rather 
than a Thl response by CD4+ T cells (Mc Author 
and Raulet. 1993; Taylor-Robinson and Phillips, 
1994). 

An additional factor contributing to the reduced 
T-cell costimulatory capacity of APC from NOD 
mice is that their macrophages produce unusually 
high levels of prostaglandin E-2 (PGE2) (Robinson 
et aL, 1993). This characteristic could contribute to 
the development of P-cell autoreactive T cells via 
several mechanisms. Purified dendritic cells from 
NOD mice represent a highly efficient APC popu- 
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lation for activating immunoregulatory T cells in 
an SMLR; however, this function is norma Uysup- 
pressed by the high levels of PGE2 png»** 
macrophages (Robinson el aA, 1993). PGB2 1 can 
also downregulate macrophage function ^ an auto- 
crine fashion by elevating intracellular cAMP lev- 
els which in turn antagonize the protein kinase C 
(PKC)-mediated second messenger pathways 
required for IL1 secretion (Dinarello 1988 ; 
Cheung and Hamilton, 1992; Bakouche etal, 1992 
Shapira et al., 1994). As described above, the 
resulting decrease in ILl-mediated T-ceU costimu- 
latory activity could then block the induction of 
various immunoregulatory functions. In sirm ar 
fashion, a PGE2-induced elevation of intracellular 
cAMP can block the induction of immunoregula- 
tory mechanisms directly at the T-cell level by 
antagonizing TCR-coupled PKC second messenger 
Sties. Indeed, the presence of PGE2 has been 
shown to inhibit the ability of T cells to be driven 
to an activation state sufficient to induce apoptotic 
cell death following TCR cross-linking (Goetzl et 
al, 1995). 

Correcting MHC/non-MHC fanmunodysfunctions 

If diminution of APC functions brought about 
by synergistic interactions between MHC and 
non-MHC genes is truly central to the pathogene- 
sis of autoimmune IDDM, this may P*™* w 
explanation for the seemingly paradoxical finding 
that IDDM is inhibited in NOD mice treated with 
a wide range of non-specific immunostunulatory 
agents (Rabinovitch et al.. 1994; Singh .and 
Rabinovitch, 1993; Bowman it al. 1994). Indeed 
we have previously suggested that one possib e 
approach for IDDM prevention in humans could 
be the use of non-specific immunostimulatory 
agents to upregulate production of T-cell costimu- 
latory factors by APC (Bowman et al. 1994) In 
addSon, the reduced ability of H2* 7 MHC mole- 
cules to present p-cell autoantigens in a manner 
efficient enough to induce tolerogenic rather than 
effector T-cell response can be overridden by 
exposing NOD APC to large quantities ofthese 
aatigens. This contention was demonstrated by the 
studies indicating that the development of p-cell 
autoreactive T cells and IDDM are both inhibited 
in NOD mice intrathymically injected at a young 
age with whole syngeneic islet cells as well as the 
fi-cell autoantigen GAD (Tisch et al, 1993; Ger- 
Lg et al, 1992) Overriding inefficient • presenta- 
tion of P-cell autoantigen by H2*' MHC : mole- 
cules could also account for the rinding that 
IDDM development is inhibited in NOD mice 
injected with dendritic cells purified from pan- 
creatic lymph nodes (presumably through presen- 
tation of high-levels of p-cell antigens), but not 



from cervical or axflliary nodes t^^ 2 |£ g ? 
al . 1992). Also supporting the concept tnat tu. - 
positive APC can be made tolerogenic when 
Julsed with high-doses of p-cell *™^ t ?** 
Studies indicating that NOD T cells isolated from 
pancreatic lymph nodes are less efficient than 
mose obtained from other anatomical sites in pas- 
sively transferring IDDM (Lepault et al, 199-J). 

Evidence does exist to suggest that some unnro- 
Eotolerogenic defects in NOD mice are mtnrisic to 
T cells. Specifically, NOD thymocytes proliferate 
noorly in response to TCR cross-linking agents 
(Zipris et al, 1991). Subsequent studies demon- 
strated that this defect results from a reduced abil- 
ity of NOD thymocytes to activate TCR-couplea 
PKC second messenger pathways (Rapoport et al. 
1993) This could contribute to the development ot 
IDDM by inhibiting the ability of immature T cells 
with potential B-cell autoreactive to be driven to 
an activation state sufficient to induce their deletion 
via apoptosis. Support for this possibility is pro- 
vided by the finding that the NOD thymoctye 
response defect is at least partially controlled by a 
eene mapping to the region of chromosome 1 1 pre- 
viously shown to contain the diabetes susceptibility 
locus Idd4 (Gill et al. 1995). 



Conclusions 

NOD mice generate a diverse array of both 
MHC class I- and class Il-restricted T-cell clono- 
types capable of initiating and then amplifying 
autoirwnune destruction of pancreatic p cells. 
While apparently more limited in scope than the 
T-cell clonotypes that respond to them, a rela- 
tively broad spectrum of p-cell antigens are tar- 
gets of the autoimmune response in NOD mice. 
Therefore, were a similar situation to exist in 
humans, it may prove difficult to develop IDDM 
prophylactic therapies targeted to "the diabeto- 
genic T-cell clonotype" or "the P-cell autoanti- 
|en". Studies in.NOD mice do. however indicate 
that it may be possible to prevent IDDM wu 
therapies that correct defects which underlie the 
genesis of p-cell autoreactive T cells. P«**™"- 
callv it appears that these therapies would have to 
be fmrnunostimulatory in nature; a treatment 
which enables T celVAPC interactions o occur at 
levels vigorous enough to preferentially activate 
tolerogenic rather than effector functions If inves- 
tigations of humans continue to reveal similar 
mechanisms of immune dysfunctions in Persons at 
increased risk for IDDM (e.g., «*» ced PG ^' 
Suced IL4. abnormal CTLA-4/CD40, etc.); the 
initiation of clinical trials aimed at their correction 
may be warranted in the hope of disease preven- 
tion. 
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